PbS and Cd-doped PbS nanocrystalline thin films prepared by the chemical bath deposition technique was deposited onto glass substrates at 80
Introduction
Lead sulfide (PbS) is one of the most important narrow band IV-VI compound semiconductor groups and is widely used as an infrared sensor due to its 0.4 eV direct band gap [1] . The large excitation Bohr radius of PbS (i.e., 18 nm) [2] results in a strong quantum confinement for both electrons and holes in the nanosized structure; thus, the value of the band gap can be controlled by modifying the particle size according to the effective mass model [3] . This group of materials is mostly used in photography [4] , Pb 2+ ion-selective sensors [5] and solar absorption [6] . PbS has also been utilized in photoresistance, diode lasers, humidity, temperature sensors, and decorative and solar control coatings [7, 8] . These properties have been correlated with growth conditions and the nature of substrates. For these reasons, many research groups have shown a great interest in the development and study of this material by various deposition processes such as electrodeposition [9, 10] , spray pyrolysis [11] , microwave heating [12, 13] and chemical bath deposition [14] [15] [16] [17] [18] . Photoconducting studies on PbS thin films have also been investigated [19] .
The addition of metal ions generates the effect (Eg) of the material, which increases as the size of the particle decreases. This property makes it an excellent candidate for opto-electronic applications in many fields such as photography, IR detectors, solar absorbers, lightemitting devices and solar cells [20, 21] . Increases in the optical energy band gap (Eg) of the thin films can be attributed to quantum size effects, which are expected from thin films with a nanocrystalline nature [22] . Ni and Cd doping of PbS thin films can shift the forbidden band gap energy range from 1.4 to 2.4 and 0.15 to 0.5 eV [23] . Sn and Sb doping of PbS thin films can significantly change band gap values [24, 25] . The increases in the electrical conductivity of PbS films are due to interstitially doped Al atoms that act as donor impurities [26, 27] . Mn, Cd and co-doped PbS nanocrystals have also been investigated [28] . The optical absorption analysis of Bi-doped PbS thin films [29] and Cd-doped PbS nanocrystalline thin films has grown, and the optical band gap has been investigated [30] . In view of these data, the significant changes in the energy band gap of the films due to metal ion doping are very useful for solar and detector applications.
The chemical bath deposition method is well known and commonly used for the preparation of nanocrystalline PbS thin films because of its low temperature requirement, low cost, suitability for large-scale deposition areas, ability to deposit thin films on different types of substrates and facile control of thin film properties through adjustable deposition parameters as an energyefficient deposition method [31] . Based on the various applications of PbS films, an attempt has been made to deposit nanocrystalline Cd-doped PbS thin films using the chemical bath deposition method and to investigate the resulting films.
In the present study, we prepared nanocrystalline Cd-doped PbS thin films. The prepared films were characterized by structural and optical analysis.
Experimental details
The pure and doped PbS thin films were grown onto micro-glass substrates via the chemical bath deposition method. This method is inexpensive and does not require sophisticated vacuum equipment. Before immersing the glass substrates into the growth solution, they were neatly cleaned with detergent, rinsed in bi-distilled water and dried. The cleaned glass substrates were vertically immersed into a 100 ml beaker. The beaker contained the PbS homogeneous solution. The PbS solution was prepared using 0.1 M lead acetate, 0.1 M thiourea and 0.5 M sodium hydroxide with the complexing agent triethanolamine (TEA). The beaker containing the reactive solution was immersed in a heating water bath circulator placed on a heating magnetic agitator. The temperature was maintained at 80 • C and film deposition proceeded for 3 hrs. Then, the samples were removed from the solution and washed ultrasonically with distilled water for two minutes to remove any contaminants.
During this process, PbS undergoes deposition due to the chemical reaction between controlled sulfur and lead ions in the alkaline solution. The dissociation of the metal complex initiates a slow release of Pb 2+ ions.
Simultaneously, sulfur is slowly released from thiourea via decomposition. When it reacts with the Pb 2+ , it tends to form a uniform deposit onto the substrate according to the following chemical reactions:
Similarly, the deposition of Cd-doped PbS films was achieved by adding a 0.1 M aqueous cadmium chloride solution to the reaction mixture, which yielded the overall chemical reaction mixture and the following overall reaction:
Herein, the addition of TEA helped to control the release of Pb 2+ and Cd 2+, resulting in the deposition of ternary CdPbS of the desired composition.
The crystalline structure and crystallography orientation of the films were characterised by X-ray diffraction using a Burker AXS D8 advance with a Cu-K␣ line ( = 1.5406 A • ). The morphology and microstructure of the films were examined via scanning electron microscopy (SEM) taken on a JEOL model JSM 6490. Optical measurements were conducted at room temperature using a Shimadzu UV-vis NIR ranging from 300 to 1200 nm. The photoluminescence spectra were obtained at room temperature using a Perkin-Elmer-L555 Spectrofluorometer instrument. crystalline planes, respectively. The narrow peaks show that the material has good crystallinity, has a strong preference to be oriented along the (200) direction and that its intensity is mainly dependent upon the deposition time. Moreover, the absence of any other peaks reveals that the film is free of impurities.
Results and discussion

Structural analysis
The comparison of the PbS and CdPbS film XRD peaks clearly indicates a significant broadening after Cd doping. The broadening demonstrates that the stable crystal structure of PbS (fcc) differs from that of CdS (hexagonal close packed). Due to the Cd doping into the PbS lattice, a phase transformation occurred that led to a strong preferred orientation along the (200) plane [32] . As a result, when Cd 2+ occupies more and more of the space originally occupied by Pb 2+ in the host lattice, the internal strain increases and the crystal structure of the PbCdS solid solution becomes unstable. This clearly shows that Cd 2+ ions are well-dissolved in the PbS lattice, as the ionic radius of Cd 2+ is less than that of Pb 2+ . As the Cd concentration increases, the diffraction peaks become slightly broader due to a reduction in the grain size. Additionally, the intensity of the diffraction peaks decreases and there is a very small shift in the 2 range after Cd doping. This can be attributed to doping-induced structural disorder in the films. This marginal shift in the diffraction peaks can be recognized due to the lattice strain, which contributes to the structural disorder generated during growth [33] . Moreover, we observed a decrease in the lattice d-spacing for PbCdS films compared to the corresponding values in PbS films. This result is in line with the literature, in which similar results were reported [30] . This confirms the PbCdS film forms when Cd 2+ occupies the Pb 2+ sites in the lattice because the lattice would undergo a contraction due to the smaller ionic radii of Cd 2+ . The average crystallite size (D) was estimated using the Debye-Scherer formula; the value of D was determined and ranged from 23 to 98 nm.
The lattice constant of the cubic rock salt structure is given by [34] :
Deviation of the calculated lattice parameter 'a' from the strain face bulk sample (a 0 = 5.936 Å) indicates that the prepared films were under strain. The average stress and micro strain were determined by the following equations [35] :
where a 0 and a are the lattice parameters of the bulk sample and the corrected value of lattice parameter of thin film samples, respectively, and and Y are Poisson's ratio and Young's modulus of the bulk sample, respectively. For PbS, the value of Y is 70.2 GPa, and is 0.28. The correct lattice constants are estimated from the Nelson-Riley plots. These lattice parameters were calculated from the peak positions of individual reflections and are plotted versus 1/2cos 2 (1/sin 2 +1/). The intercept of the linear plot at 1/2cos 2 (1/sin 2 +1/) = 0 gives the lattice constant. Fig. 2 and CdPbS (a = 5.94 Å). The various structural parameters, including the values of the lattice constant (a), the average internal stress (S) and the crystallite size (D), for pure and doped PbS thin films were calculated and are systematically represented in Table 1 .
Optical properties
The optical transmission (T), reflection (R) and absorbance (A) behaviours of the films is shown in Figs. 3, 4 and 5 and ranges from 300 nm to 1200 nm. These studies constitute the most important way to determine the band structures of semiconductors. The first part is devoted to studying the absorbance and reflectance spectra, the second part determines the energy band gap of the pure and Cd-doped PbS thin films, and the third part will determine the refractive index, dielectric constant and optical constant of the films.
Using the calculated absorption coefficient values, the type of transition associated with the band structure of PbS can be identified using the following equation:
To understand the high photon energy corresponding to the direct band gap energy at the beginning, we increases the band gap of the nanocrystalline thin films are similar to those observed in the literature [30] . The optical band gaps have been determined by extrapolating the linear regions of the h axis. The non-linearity of the band gap energy variation with composition has already been reported for Cd 1-x Zn x S [36, 37] and CdSSe [38, 39] thin films. The value of Eg for these sets of films is given and demonstrates that they are good semiconductor candidates for absorbing visible light in optoelectronic devices, gas sensor detectors and solar cells. In contrast, the extinction coefficient of the PbS films is given by the following equation:
The reflectance in terms of absorption coefficient is derived as
Taking this into account, it can be supposed that the PbS and Cd-doped PbS films produced here exhibit a blue shift in their optical absorption band.
Thus, the refractive index is given by
Additionally, the complex dielectric constant is related to the refractive index (n) and the extinction coefficient as
where the real and imaginary dielectric constants are
The optical conductivity is a measure of the frequency response of the material when irradiated with light
where c is the velocity of light. The electrical conductivity can also be estimated by the optical method using the following equation: Fig. 7 indicates that n decreases with increasing of . Figs. 8 and 9 depict the real (r) and imaginary ( i ) parts of the dielectric constant. The variation follows the same trend as n because k < n (where = n 2 − k 2 ) and the variation mainly follows the behaviour of k, which is related to the variation in the wavelength.
From the recorded absorption spectra, the calculated optical constants for PbS and the variations in the optical constants as a function of wavelength are plotted. The optical and electrical conductivities are shown in Figs. 10 and 11 . Interestingly, the inclusion of the PbS and Cd-doped PbS materials decreased the optical conductivity and refractive index and increased the electrical conductivity of the material. 
Photoluminescence properties
The room temperature photoluminescence emission spectra of the nanocrystalline PbS and Cd-doped PbS thin films are shown in Fig. 12 . The emission peak of the PbS films was observed at 465 nm, and the excited sample was observed at 597 nm. In contrast, the emission of the Cd-doped PbS films was observed at 421 nm, and the excited sample was observed at 597 nm. The emission wavelength peak is shifted towards blue when comparing the bulk PbS and Cd-doped PbS films due to the electron and hole pair recombination. The intensity of the photoluminescence was increased due to the surface passivation of the PbS and Cd-doped PbS films. The peaks also displayed symmetry and sharpness. This indicates that the peaks did not associate with any other kind of defect levels. This could explain the nanocrystalline nature of the PbS and Cd-doped PbS films.
Surface morphology
The morphologies of the nanocrystalline PbS and Cddoped PbS thin films were investigated using SEM as shown in Figs. 13 and 14 , respectively. The nanocrystalline undoped and doped PbS films, which were prepared using the chemical bath deposition method, are described in terms of their size and morphology. The prepared thin films had a uniform surface morphology over the entire glass substrate and were of good quality. Cd doping induced noticeable changes in the surface morphology and density. The surface of the pure PbS film was homogeneous in nature and sparingly packed with nanocrystallites, which appear to be randomly oriented and display irregular shapes despite having a similar size distribution. When Cd is introduced into the PbS lattice, the grain size and density of the films are decreased with the superficial granular orientation nature of the film. The variation in the grain size and shape was attributed to nucleation and coalescence. Generally, nucleation and coalescence alters grain growth by moving grain boundaries. This process mainly depends on a number of other factors, such as the nature of the precursor materials, solvent type, solution concentration, solution feed rate, deposition temperature, etc. The present case could be mainly due to the effects of the Cd solution concentration. The doped film shows small particles participating in the centration of the crystal, thus demonstrating the nanocrystalline nature of Cd-doped PbS thin films.
The EDX (energy dispersive X-ray) spectra of Cd-doped PbS thin films is shown in Fig. 15 . The corresponding quantitative chemical analysis is reported in Table 2 . The analysis confirms the presence of the Pb, S and Cd elements. It is very important to note that no additional peaks attributed to impurities or contaminants are observed, thus confirming the purity of the thin film preparation. 
Conclusion
In this study, PbS and Cd-doped PbS nanocrystalline thin films were successfully prepared using the chemical bath deposition method. From the structural analysis, we can conclude that the pure and Cd-doped PbS thin films displayed great crystallinity and adhesion on the substrates. The films grown under these conditions were epitaxial and well crystallized with good surface homogeneity and roughness. From the optical absorbance, the high reflectance in the IR region suggests that the films could be useful for solar control coatings. We have successfully tuned the optical band gap of the prepared PbS thin film over a wide range and thereby have made it scientifically exciting for superior photovoltaic applications. From the SEM images, the films are homogeneous and there are no pores. The XRD and EDX analyses confirm the formation of nanocrystalline Cd in the PbS films.
